␤-amyloid precursor protein ͉ intracellular trafficking ͉ axonal growth ͉ neurite branching ͉ trans-Golgi network T he distribution of ␤-amyloid precursor protein (␤APP) between the trans-Golgi network (TGN) and the cell surface may determine the relative generation of s␤APP␣ versus ␤-amyloid (1-5). Using a cell-free vesicle-trafficking reconstitution system derived from neuroblastoma cells, we showed previously that presenilin-1 (PS1), a major component of ␥-secretase, selectively affects ␤APP budding from the TGN and the endoplasmic reticulum (ER) (6). Familial Alzheimer's disease (FAD) PS1 mutations impair the budding of vesicles containing ␤APP, which may partially account for increased ␤APP processing via ␤-and ␥-secretases.
T
he distribution of ␤-amyloid precursor protein (␤APP) between the trans-Golgi network (TGN) and the cell surface may determine the relative generation of s␤APP␣ versus ␤-amyloid (1) (2) (3) (4) (5) . Using a cell-free vesicle-trafficking reconstitution system derived from neuroblastoma cells, we showed previously that presenilin-1 (PS1), a major component of ␥-secretase, selectively affects ␤APP budding from the TGN and the endoplasmic reticulum (ER) (6) . Familial Alzheimer's disease (FAD) PS1 mutations impair the budding of vesicles containing ␤APP, which may partially account for increased ␤APP processing via ␤-and ␥-secretases.
Protein trafficking within the secretory pathway is regulated by a rigorously orchestrated sequence of events. Recruitment of cytosolic factors and coat proteins to membranes, and changes in lipid composition that promote membrane curvature and protein anchoring, are necessary for vesiculation (7, 8) . Estradiol-promoted ␤APP trafficking depends on the recruitment of cytosolic trafficking factor Rab11 to the TGN (3) .
Phospholipase D (PLD), a phospholipid-modifying enzyme, catalyzes the hydrolysis of phosphatidylcholine to generate phosphatidic acid (PA) (8) (9) (10) . PLD has been shown to regulate membrane trafficking events, such as the release of secretory vesicles from the TGN (11) , endocytosis (12) and exocytosis (13) , and actin dynamics (14) . In this study, the effects of PLD1 on ␤APP trafficking have been investigated. Of particular interest, up-regulation of PLD1 in FAD-linked PS1 mutant cells rescues impaired ␤APP trafficking from the TGN to the plasma membrane and corrects FAD-related defects in neurite outgrowth capacity. In a companion paper (15), we report that PLD1 interacts with PS1 and, through a mechanism independent of its effect on ␤APP trafficking, disrupts the ␥-secretase complex and inhibits ␥-secretase activity.
Results

PLD1
Regulates ␤APP Trafficking. We investigated whether PLD1 might be involved in regulation of ␤APP intracellular trafficking. The effect of PLD1 on ␤APP trafficking was assessed in both PS1wt and PS1-deficient cells. Consistent with our previous observations (6), the rate of formation of ␤APP-containing vesicles from the TGN in PS1 Ϫ/Ϫ fibroblasts was increased compared with PS1wt cells (Fig. 1a) . Overexpression of PLD1 in PS1wt cells increased ␤APP trafficking from the TGN to a rate comparable with that seen in PS1 Ϫ/Ϫ -deficient cells. However, PLD1 overexpression failed to increase the number of ␤APP-containing vesicles budded from the TGN in PS1 Ϫ/Ϫ fibroblasts, probably because of a maximal rate of ␤APP-containing vesicle trafficking in PS1-null cells. Inhibition of PLD1 catalytic activity by 1-butanol (an inhibitor of PLD-catalyzed formation of PA) (11, 16) , resulted in decreased ␤APP trafficking from the TGN in both PS1wt and PS1 Ϫ/Ϫ cells (Fig. 1b) . As a control, tertiary butanol, which does not affect PLD activity (12) , caused little change in ␤APP budding from the TGN. These results demonstrate that PLD1 can affect ␤APP trafficking through a PS1-independent mechanism.
FAD-Linked PS1 Mutation Changes the Subcellular Localization of
PLD1 and Reduces the Catalytic Activity of PLD. In wt cells, PLD1 was localized in cytosol͞light vesicles (likely endosomes) and Golgi͞ TGN fractions, and was codistributed with a marker for Golgi͞ TGN and light vesicles, ␥-adaptin, but not with Bip, an ER marker (Fig. 2a) . The subcellular localization of PLD1 changed in cells expressing a FAD-linked PS1 mutant, ⌬E9, being limited to the Golgi͞TGN with little found in cytosol͞light vesicles (Fig.  2b) . Furthermore, PLD catalytic activity in cells expressing a FAD-linked PS1 mutant (⌬E9 or M146L) was significantly lower than that in wt counterparts (Fig. 2c) . These results suggest that both PLD1 trafficking͞recycling and PLD-mediated PA synthesis are impaired by FAD-linked PS1 mutations.
PLD1 Rescues the Impaired Budding of ␤APP-Containing Vesicles in
FAD-Linked PS1 Mutant Cells. We previously showed that FAD PS1 mutations impair the budding of vesicles containing ␤APP (6). Overexpression of wt PLD1 in PS1⌬E9 N2a cells increased ␤APP vesicle budding from the TGN (Fig. 3) . In contrast, overexpression of catalytically inactive PLD1-K898R (17) , which is impaired in catalyzing hydrolysis of phosphatidylcholine to form PA, failed to stimulate ␤APP trafficking in ⌬E9 cells (Fig.  3) . These results indicate that catalytically active PLD1 plays a crucial role in PLD1-regulated ␤APP vesicle biogenesis.
Interestingly, another cytosolic factor, Rab11, shown to be important in stimulation of TGN vesicle biogenesis by estrogen (3), had no effect on ␤APP trafficking in PS1wt or FAD mutant cells (Fig. 6 , which is published as supporting information on the PNAS web site), indicating specificity of the PLD1-mediated effects.
PLD1 Accelerates the Slowed Surface Delivery of ␤APP in FAD Mutant
Cells. To determine whether the PLD1-induced increase in budding of ␤APP-containing vesicles from the TGN of FAD mutant cells would lead to changes in ␤APP surface delivery, surface-bound ␤APP was detected by immunofluorescent staining. Overexpression of PLD1 significantly increased the amount of surface-bound ␤APP compared with controls both in N2a cells expressing PS1⌬E9 (Fig. 4a ) and in primary neurons from PS1 M146V knockin mice (data not shown). As a control, the level of total surface glycoproteins was determined by staining for Vicia villosa agglutinin (VVA) (6, 18) and was shown to be unaffected by overexpression of PLD1. Surface biotinylation confirmed that, in ⌬E9 mutant cells, overexpression of PLD1 increased the amount of surface ␤APP (Fig. 4b) .
PLD1 Corrects the Impaired Neurite Outgrowth͞Branching Capacity in
FAD Mutant Neurons. We next examined the effect of PLD1 on axonal transport of ␤APP in primary neurons. Neurons expressing a PS1 FAD mutation exhibit a profound decrease of surface ␤APP at axonal terminals (6) . Full-length ␤APP has been implicated in a number of physiological functions, such as synapse formation, growth cone outgrowth, and axon guidance (19) . Therefore, we reasoned that the impaired delivery of ␤APP to the cell surface at axonal terminals in FAD PS1 mutant neurons might contribute to the compromised synaptic function and deregulated neurite growth and stability observed in FADlinked PS1 mutations. Indeed, it was found that, when FADlinked PS1 M146V cortical neurons were cultured on a substrate of purified CNS myelin, known to be inhibitory for neurite outgrowth (20) , the neurite growth capacity in mutant neurons was dramatically reduced compared to wt counterparts (Fig. 5 ). There was a 59% reduction in neurite length and a 48% reduction in branching (the number of total processes projecting from neurons more than two cell bodies in length). When PLD1wt was introduced into the PS1 mutant neurons, neurite length was largely restored, and branching was partially restored (Fig. 5) . However, there was no effect on neurite length or branching when catalytically inactive PLD1 K898R was used. Together, these data suggest that PLD1 is able to rescue the impaired neurite outgrowth͞branching capacity of FAD-linked PS1 mutant neurons and that this PLD1 effect is likely due to its catalytic activity (production of PA) and promotion of ␤APP axonal transport.
Discussion
We report here that FAD-linked PS1 mutants sequester PLD1 on the Golgi͞TGN, depleting it from cytosolic vesicles and reducing its catalytic activity and its generation of PA and choline. Overexpression of wt PLD1 in FAD PS1 mutant cells rescues the impaired ␤APP trafficking from the TGN, accelerates the slowed surface delivery of ␤APP, and corrects impaired neurite outgrowth͞branching. The effects of PLD1 were seen with wt PLD1 but not with a catalytically inactive form of PLD1 (K898R). Consistent with our observations, others have shown a signaling role for catalytically active PLD in regulating membrane traffic and actin dynamics (14) . An increased concentration of PA, the product of PLD catalytic activity, in the donor membrane has been shown to be crucial for vesicle biogenesis, perhaps because of increased lipid fluidity and the tendency of PA to attract cytosolic factors, such as coat proteins, through its negative charge (21).
Many regulatory functions have been described for PLD1. For example, it was reported that the localization of PLD1 at presynaptic membrane zones, such as axonal neurites and growth cone-like structures, plays a crucial role in controlling the number of functional release sites and modulating neurotransmitter release (13) . PLD activation also plays an important role in controlling the actin cytoskeleton and cell migration, which are crucial for regulating synaptic function (22) . It is important to note that, in early Alzheimer's disease (AD), synaptic pathology is more prominent than neuronal loss (23) . In FAD-linked PS1 variants, impaired delivery of full-length ␤APP to the cell surface at axonal terminals may contribute to disturbances in neurite initiation, elongation and branching, and synaptic plasticity. Collectively, our findings indicate that PLD1 increases surface delivery of ␤APP at axonal terminals and rescues impaired axonal growth and neurite branching in FAD PS1 mutant neurons. It is also possible that growth-promoting effects of PLD1 may be partially mediated through its modulation of Rho pathways by activation of PLD2, which has also been implicated in neurite outgrowth (24, 25) , or through activation of phosphatidylinositol-4-phosphate 5-kinase (PIP5K) to generate phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], a cofactor for both PLD1 and PLD2 (26) .
It has been reported that, in AD brains, the phosphoinositol hydrolysis pathways are dysregulated, resulting in reduced PKC levels and activity, and a reduced number of receptor sites for inositol 1,4,5-trisphosphate (IP 3 ) (27) . In addition, disordered metabolism of membrane phospholipids has been reported in AD (28, 29) . Our data further suggest that defects in PLDrelated metabolism may contribute to AD pathogenesis. Thus, a FAD-linked PS1 mutant sequestered PLD1 on the Golgi͞TGN membranes and depleted it from the cytosolic vesicles. This phenotype may disrupt the intracellular pathway catalyzed by PLD1 to generate choline for acetylcholine synthesis and contribute to the selective vulnerability of cholinergic neurons in AD.
The present study has demonstrated that PLD1 regulates intracellular trafficking of ␤APP. In a companion report (15) , it is demonstrated that PLD1, through a mechanism independent of ␤APP trafficking, compromises the integrity of the ␥-secretase complex and thereby inhibits ␤-amyloid formation. These combined actions of PLD1 suggest the development of therapeutic approaches for restoring neuronal dysfunctions in AD.
Methods
Cell Lines. Mouse N2a neuroblastoma cells doubly transfected with cDNAs encoding human ␤APP harboring the ''Swedish'' mutant (␤APPswe) and human PS1wt or a FAD PS1 mutant ⌬E9 (30, 31) were maintained in medium containing 50% DMEM, 50% OptiMEM, supplemented with 5% FBS, antibiotics, and 200 g͞ml G418 (Invitrogen). Immortalized PS1 Ϫ/Ϫ fibroblasts (32) were maintained in DMEM supplemented with 10% FBS and antibiotics. Neuronal Cultures. Embryonic cortical neurons (embryonic day 17) from PS1 knockout mouse embryos, rescued with comparable levels of expression of either mouse PS1wt or homozygous FAD-linked PS1 M146V knockin (33) , were dissociated and cultured on poly-L-lysine (Sigma) precoated tissue culture dishes for 72 h. They were then transfected with hemagglutinin (HA)-PLD1 cDNA (wt or K898R) or GFP cDNA and transferred (Ϸ5 ϫ 10 4 cells per chamber) onto eight-chamber slides (LabTek) coated with a substrate of purified CNS myelin. A neurite outgrowth assay was performed as described, and neurons were immunolabeled for growth-associated protein 43 (GAP43) (34) . The length of the longest neurite extending from each neuron, as well as the number of total processes (more than two cell bodies) projecting from individual neurons, was quantified by an Oncor imaging analysis system for the first 200-300 neurons encountered when scanning the slide in a systematic manner (34) . Only positively double-immunolabeled cells (GAP43 and HA or GAP43 and GFP) were examined.
Sucrose Gradient Fractionation. To separate and enrich TGN and ER membranes, cells were homogenized by using a stainlesssteel ball-bearing cell cracker, and cell lysates were fractionated by using sucrose density gradient centrifugation as described (1, 35) . PLD1 in each fraction was determined by immunoblotting with antibody AE596 (36) . PLD Activity Assay. N2a cells expressing PS1wt or FAD-linked PS1 mutations were labeled with [ 3 H]myristate and then washed with isotonic Tris-saline buffer and rapidly treated with 500 l of methanol:6N HCl (50:2). Lipids were then extracted by addition of 0.5 ml of CHCl 3 . Phase separation was obtained by adding 155 l of 1 M NaCl. The organic phase was reextracted with 120 l of 1 M NaCl, 350 l of H 2 O, and 155 l of methanol and recovered. Samples were then normalized for total radioactivity counts (cpm), and phospholipid metabolites were characterized by TLC. Relative levels of PLD activity were determined by measuring the intensity of corresponding phospho-butanol bands.
Preparation of Permeabilized N2a Cells. To assay ␤APP trafficking from the TGN, fibroblasts (PS1wt or PS1 Ϫ/Ϫ ) transfected with PLD1 cDNA or mock cDNA were pulse-labeled with [ 35 S]methionine (500 Ci͞ml) (1 Ci ϭ 37 GBq) for 15 min at 37°C, washed with PBS (prewarmed to 20°C), and chased for 2 h at 20°C in prewarmed complete media. Cells were then permeabilized as described (6) . Permeabilized cells (cell-free system) were washed and incubated in a final volume of 300 l containing 2.5 mM MgCl 2 , 0.5 mM CaCl 2 , 110 mM KCl, cytosol (30 g protein) prepared from N2a cells (3, 37) with an energyregenerating system consisting of 1 mM ATP, 0.02 mM GTP, 10 mM creatine phosphate, 80 g͞ml creatine phosphokinase, and a complete protease inhibitor mixture. Alternatively, 0.3% 3-butanol or 1-butanol was included in the cell-free system derived from PS1wt or PS1 Ϫ/Ϫ fibroblasts. Similarly, N2a PS1⌬E9 cells transfected with PLD1 wt or K898R cDNA fibroblast cells (PS1wt or PS1 Ϫ/Ϫ ) were permeabilized for cell-free budding assay preparations. Incubations were then carried out at 37°C for various periods (15-90 min) to observe the kinetics of ␤APP trafficking.
Measurement of Nascent Secretory Vesicles in Permeabilized Cells and
Immunoprecipitation. After incubation of cell-free systems, vesicle and membrane fractions were separated by centrifugation at 1.14 ϫ 10 4 ϫ g for 30 s at 4°C in a Brinkmann centrifuge. Vesicle (supernatant) and membrane (pellet) fractions were diluted with immunoprecipitation buffer (50 mM Tris⅐HCl, pH 8.8͞150 mM NaCl͞6 mM EDTA͞2.5% Triton X-100͞5 mM methionine͞5 mM cysteine͞1 mg/ml BSA), immunoprecipitated using anti-␤APP C-terminal antibody 369 (4, 38) , and analyzed by SDS͞PAGE. Each experiment was performed at least three times. Band intensities were analyzed and quantified by using NIH IMAGEQUANT software, version 1.61.
Immunofluorescence Confocal Microscopy. For staining of surface ␤APP, N2a cells grown in chamber slides were incubated at 4°C with primary antibody 6E10 (diluted 1:100 in growth medium; Signet Laboratories, Dedham, MA) for 1 h without fixation or permeabilization. After incubation with secondary antibodies and FITC-conjugated VVA (1:100; Vector Laboratories), cells were fixed with 4% formaldehyde at room temperature for 15 min. For neurite length and branching analysis, cultured neurons were fixed with 4% formaldehyde for 15 min twice, followed by permeabilization with ice-cold methanol. Cells were then incubated with primary antibody against GAP43 (1:4,000) and anti-HA antibody (50 ng͞ml; Roche Diagnostics) at 4°C overnight. Immunofluorescence staining was examined by confocal microscopy (LSM510; Zeiss).
Biotinylation and Detection of Cell Surface ␤APP at Steady State. N2a PS1⌬E9 cells transiently transfected with PLD1 wt or mock cDNA were incubated for 30 min at 4°C with 0.5 mg⅐ml Ϫ1 sulfo-Nhydroxysuccinimide biotin (Pierce) to biotinylate cell surface proteins. Cells were lysed and biotinylated, and nonbiotinylated proteins were separated into two fractions by binding to streptavidin agarose beads (Pierce). ␤APP from each fraction was analyzed by SDS͞PAGE and immunoblotting with 6E10 antibody.
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